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A B S T R A C T
This work applies the X-ray MicroCT imaging technique to discuss the identiﬁcation and preservation/dis-
turbance conditions of plant remains from the Monte Castelo archaeological site, in Brazil's southwestern
Amazonia. A preliminary hypothesis based on external morphological traits and the presence of typical starch
grains, associates these materials to the Poaceae caryopsis. Moreover, based on their well-preserved non-charred
aspect, mineralization was considered as a possible in-situ preservation process. Data from the X-ray computed
microtomography (MicroCT) analysis showed that the internal anatomy of the samples corresponds to another
type of fruit, described as a small drupe sharing characters with some Anacardiaceae fruits. Additionally, all
studied specimens contain a number of exogenous organic and inorganic elements suggesting the action of some
disturbance processes on the Monte Castelo plant material.
1. Introduction
The use of high resolution X-ray computed microtomography
(MicroCT) to study materials and objects is a growing and promising
area of scientiﬁc research. X-ray MicroCT is an imaging technique that
allows for the reconstruction of the internal structure of objects based
on multiple 2D projections of the investigated specimen recorded across
a range of angular orientations (Kak and Slaney, 2001). The non-de-
structiveness of this imaging method is one of its most remarkable
advantages and a trait that has increased relevance when samples are
rare, not reproducible, or very fragile. In this sense, X-ray MicroCT has
been suggested as a suitable and useful procedure for the investigation
of valuable historical, artistic, and cultural objects made from diverse
materials (Fiocco et al., 2018; Mancini et al., 2006; Nava et al., 2017;
Taﬀoreau et al., 2006).
In fact, several ethnographic and historical items manufactured
from plant based raw materials have been studied by X-ray MicroCT
(e.g. Fioravanti et al., 2017; Haneca et al., 2012; McNoughton et al.,
2014). The archaeological application of this technique to remains of
plant material includes the analysis of contaminants in charred samples
dated by radiocarbon (Bird et al., 2008), studies of dendrochronolgy
(Okochi et al., 2007), wood characterization (e.g. Dreossi et al., 2010;
Mizuno et al., 2010) and the identiﬁcation of carpological vestiges
(Coubray et al., 2010; Murphy and Fuller, 2017; Zong et al., 2017). This
contribution applies the X-ray MicroCT technique within the context of
a more extensive study of the assemblage of plant remains at Monte
Castelo shellmound, in the southwest of the Brazilian Amazon (Miller,
2009; Pugliese, 2018; Pugliese et al., 2018). The analysis focuses on a
collection of numerous carpological specimens notably homogeneous in
size, shape, and general appearance.
The preliminary evaluation of this material allowed for the creation
of some working hypothesis regarding their preservation conditions and
taxonomic provenance. Initially, it was observed that the specimens are
very well preserved and show a consistent texture and blackish
https://doi.org/10.1016/j.jasrep.2019.101902
Received 19 October 2018; Received in revised form 28 May 2019; Accepted 15 June 2019
⁎ Corresponding author.
E-mail address: marilincalo@if.usp.br (C.M. Calo).
Journal of Archaeological Science: Reports 26 (2019) 101902
Available online 09 July 2019
2352-409X/ © 2019 Elsevier Ltd. All rights reserved.
T
coloration, but these characteristics may not be clearly associated with
a carbonization process. Then, it was proposed that mineralization
could be responsible for the preservation of these remains in the face of
natural degradation agents. This hypothesis stemmed from the high
concentration of calcium carbonates present in the sediments of the
shellmound and the inﬂuence of natural seasonal ﬂood-drought
Fig. 1. The Monte Castelo archaeological site localization in the Middle Guaporé River basin area (F. Pugliese).
Fig. 2. North proﬁle of Monte Castelo. Radiocarbon dates (Cal. 2-sigma) (From Pugliese, 2018).
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hydrology of the region that could help to impregnate minerals in the
tissues of the samples (Furquim, 2018).
Furthermore, the working hypothesis about the taxonomic prove-
nance of this material pointed to some similarities found between their
external morphological and morphometric traits and the remains of Zea
mays L. recovered from the archaeological site of Lapa Pintada, in
Central Brazil, dated to between 2000 and 150 years BP (Furquim,
2018; Shock et al., 2013). Additionally, in a ﬁrst exploratory test for
starch identiﬁcation, a total of 19 starch grains were recorded by one of
the authors (J. W.) from the interior of two specimens. In accordance
with the proposed hypothesis, the rounded to pentagonal form, central
hilum and, in some cases, transverse or Y-shaped ﬁssures of these the
starch grains were consistent with maize (more detailed and expanded
descriptions of starch analysis methods and results are available in the
Sections below).
To test these preliminary hypotheses, non-destructive X-ray
MicroCT analysis was considered to be a suitable complementary
method to evaluate maize grain morphology and mineralized pre-
servation of this set of plant remains. As part of a multi-proxy approach,
this non-destructive analytic technique allows for the integration of
high resolution 3D imaging data with concomitant new starch analysis
and radiocarbon assays performed on the same specimens and whose
results are also included in this article.
In particular, this study aimed to provide a detailed description of
the morphological and internal anatomical traits of the samples and
compare them with those of maize grains, in order to conﬁrm whether
they belong to the species Z. mays. Furthermore, it sought to reveal the
presence of exogenous inorganic material associated with tissues and
organs of the studied specimens, with an expectation to encounter
preliminary, but consistent signs of mineralization processes (Green,
1979; Hansen, 2001; Mccobb et al., 2001; Messager et al., 2010). Fi-
nally, it aimed to integrate the discussion of X-ray MicroCT data with
studies of macroremains, starch analysis, and radiocarbon dating, to
contribute to the comprehension of the plant record of the Monte
Castelo archaeological site.
2. Background on plant materials at Monte Castelo
The Monte Castelo archaeological site is a shellmound located on
the ﬂoodplains of the Middle Guapore River, in the southwest of the
Brazilian Amazon (Fig. 1). The site is an artiﬁcial mound with dimen-
sions of ca. 120m by 100m and a height of 6.3m, constructed in an
area of ecological transition between periodically ﬂooded savannahs
and high-ground, evergreen tropical forest. Archaeological excavations
reveal an uninterrupted sequence of occupation events showing evi-
dence of several domestic activities dating from ca. 8000 years BP
(Miller, 2009, 2013).
Several paleoenvironmental markers from Southern Amazonia have
evidenced climatic variations throughout the human occupations, since
at least the Lower Holocene (e.g. Baker and Fritz, 2015; Brugger et al.,
2016; Burbridge et al., 2004; Bush et al., 2016; de Freitas et al., 2001;
Lombardo et al., 2019; Mayle et al., 2000, 2007; Mayle and Power,
2008; Pessenda et al., 1998; Urrego et al., 2013). In the Guaporé River
basin, the chronology of occupation of the archaeological sites, in-
cluding Monte Castelo, seems to accompany trends in increased water
availability and forest expansion during the Middle Holocene, a period
marked by the emergence of more numerous communities and artifact
complexes (Pugliese, 2018).
Fig. 3. The set of specimens included in this study ordered by stratigraphic provenance. The number in the sample names follows the sequence of analysis.
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Fig. 4. 3D renderings of the a- reconstructed volumes of samples SMC_01 to SMC_10 and internal conﬁguration showed consecutively by b- anteroposterior cut, c-
lateral longitudinal cut, d-transversal cut, e- rounded ends and f- pointed ends (Imaged using laboratory MicroCT systems) (Image processing software: FIJI – Volume
Viewer plug-in).
Table 3
Morphometric sample characterization. Maximum Length (ML), Maximum Diameter (MD), Transversal Diameter (TD) and Volume (Vol) values of the whole spe-
cimen and the cavity, respectively.
Sample Provenance Total Cavity
ML (mm) MD (mm) TD (mm) Vol (mm3) ML (mm) MD (mm) TD (mm) Vol (mm3)
SMC_01 Burial 1 5.351 4.505 3.940 40.402 4.495 2.594 0.798 2.874
SMC_02 Burial 1 4.850 4.570 3.448 33.334 3.932 2.762 0.497 2.334
SMC_03 Burial 2 3.664 3.742 3.571 27.004 2.380 1.542 0.501 0.712
SMC_04 Layer C 4.649 4.089 2.752 29.432 3.733 2.390 0.543 0.610
SMC_05 Layer B 4.482 3.796 3.092 25.158 3.556 2.015 0.613 1.841
SMC_06 Layer B 4.468 3.834 3.043 24.404 3.372 1.880 0.486 1.484
SMC_07 Layer A 4.153 3.874 3.237 22.693 3.443 2.086 0.352 1.213
SMC_08 Layer A 4.221 4.215 3.699 31.128 3.601 2.158 0.830 1.934
SMC_09 Burial 1 4.382 4.060 3.697 34.289 3.397 1.841 0.463 1.269
SMC_10 Layer B 4.749 4.705 3.325 37.257 3.821 2.565 0.813 2.994
C.M. Calo, et al. Journal of Archaeological Science: Reports 26 (2019) 101902
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The excavation of the site was carried out by combining the
methods for registering cultural strata while excavating in arbitrary
levels of 10 cm. A proﬁle 6.30m deep was exposed, displaying 21
stratigraphic layers (named from A to U). The oldest strata of the site,
related to the Cupim archaeological phase (Miller, 2013), are formed by
a soil composed predominantly by sand and silt, with the presence of a
large amount of archaeological remains. This marks an occupation
before the formation of the ﬁrst layers of shellmound sediments. The
subsequent stratigraphic package, related to the Sinimbu Archae-
ological Phase, is about 2.6 m thick and formed by a dark soil composed
predominantly by clay and sand, containing variable densities of gas-
tropods shells (Pomacea sp.). There is a high variability in artifact
composition within the strata and spatial relationships of artifacts with
combustion structures (hearths) were found, suggesting a domestic use.
The layers H and F are the largest packages of whole shells of the site,
and may correspond to the massive constructive activities of sambaqui
formation.
The most recent package of the shellmound, related to the Bacabal
Archaeological Phase, consists predominately of layers with a dark soil
and shells, where richly decorated pottery, bone and botanical
materials, and human burials have been found. The site proﬁle in-
dicates the stratigraphic sequence as well as the dates for each Phase
(Fig. 2) (Pugliese et al., 2018; Zimpel Neto and Pugliese, 2016).
The botanical material analyzed in this article comes from soil
collections made after the deﬁnition of the cultural layers and, there-
fore, have secure provenience. Two samples of 10 l of sediment were
collected per layer, they were sifted with water in order to increase the
collection of archaeobotanical and zooarchaeological material: the ﬁrst
sample was sieved in the ﬁeld, with a 2.0 mm mesh size; the second was
sieved in the laboratory, using geological sieves of 2.0mm, 1.0mm and
0.5 mm mesh size.
For the MicroCT analysis, material from the Bacabal Phase was se-
lected from layers C, D and E. Several genera and species of plants were
already identiﬁed in this strata, based on the morphological char-
acteristics of carbonized seeds present in the soil, including specimens
of fruit species such as Anacardium sp., Theobroma sp., Myrtaceae, and
Annonaceae, arboreal species such as Bertholletia exelsa, grains such as
Zea mays and Oryza sp., and palms such as Astrocaryum sp. and Bactris
sp. (Furquim, 2018). There are, additionally, unidentiﬁed remains,
more abundant in layers C and D, but present in several layers of the
Fig. 5. Example of the three tissue layers segmented from
SMC_02 sample image (Phoenix v|tome|x MicroCT system).
a- Attenuated volume image, allows visualization of the in-
ternal structures of the sample by increasing the level of
transparency of the imaged tissues (CT Analyzer); b- Inner
layer volume in yellow; c- Medial layer volume in red,
wrapping the inner layer in yellow; d- Outer layer volume in
blue, wrapping the medial and inner layer in red and yellow,
respectively; e- f- Longitudinal and transverse cuts showing
the three-layered structure of the sample (CT Analyzer
1.15.4.0 – CT Volume; manual segmentation).
C.M. Calo, et al. Journal of Archaeological Science: Reports 26 (2019) 101902
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site (including the older strata related to the Sinimbu Phase.
3. Materials and methods
A total of 10 samples were selected from the unidentiﬁed plant
materials from Monte Castelo for this study. They come from domestic
contexts associated with Bacabal Phase ceramic fragments and two
burial contexts (Fig. 3). The methodology is focused on the
reconstruction and analysis of tomographic 3D images of the samples at
a micrometer scale, based on the X-ray computed microtomography (X-
ray MicroCT) technique.
By means of mathematical algorithms (Stock, 2008) a sequence of
2D images (slices) of the object is obtained and a 3D map is re-
constructed from the attenuation coeﬃcient of X-rays crossing the in-
vestigated sample (transmission or absorption tomography). If certain
experimental conditions are fulﬁlled, then phase shifts of the
Fig. 6. Images of a-b- longitudinal slice and detailed
area showing three-layered structure in sample
SMC_01; c-d- idem for transversal slice (Skyscan
1272); e-f- longitudinal and transversal slices from
sample SMC_08 showing some elements observed
into tissue layers; g- longitudinal slice from sample
SMC_10 (Skyscan 1172) (FIJI – mpl-viridis LUT); h-i-
transversal slice and outer layer detail from sample
SMC_01; j-k- idem with inner layer detail of thick-
walled cells (IMX Beamline) (FIJI – Convolve ﬁlter–
mpl-viridis LUT); ol- outer layer; ml- medial layer; il-
inner layer; vb- vascular bundle; ms- membrane
structure; ct- contents; ca- canal; dp- dense particle;
op- ovate particles.
C.M. Calo, et al. Journal of Archaeological Science: Reports 26 (2019) 101902
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transmitted X-rays can also be detected. Absorption and phase mod-
ulation are eﬀects on X-rays crossing any kind of materials. The use of
phase sensitive imaging techniques has the advantage of enhancing the
visibility of soft materials as well as accentuating the edges between
materials with small diﬀerences in refraction index, but this requires a
highly spatially-coherent X-ray beam provided mostly by synchrotron
light sources (Baruchel et al., 2000; Mancini et al., 2006; Snigirev et al.,
1995), but also by microfocus X-ray sources (Wilkins et al., 1996). This
study mainly used the X-ray MicroCT in absorption mode, but some
details were accessed using X-ray propagation based - phase contrast
MicroCT via synchrotron radiation (Cloetens et al., 1996, 1997).
Non-destructiveness combined with the ability to produce high re-
solution 3D images of the internal structure of the objects, are the most
interesting advantages of X-ray MicroCT for this study. Diﬀerent from
High Resolution Light Microscopy and Scanning Electron Microscopy
(SEM), currently used to solve a good number of archaeobotanical is-
sues1 (taxonomic identiﬁcation, post-harvest practices, in-situ pre-
servation of plant remains, etc), sample preparation involves no da-
maging procedures. For example, multi-directional and simultaneous
slicing of a sample can be achieved virtually while digital ﬁltering al-
lows enhancing to reveal many details of the image without any re-
quirement of prior physical or chemical sample modiﬁcation.
Ex-situ preservation of archaeobotanical items is a clearly beneﬁt of
using X-ray imaging, particularly when subject specimens are rare or
scarce. But, at the same time, it is no less important that a detailed 3D
model of their whole structure is created and is able to be easily stored
and shared for further studies. In turn, non-destructive analysis allows
the study of each single plant specimen (rare or not) as many times as
considered necessary, with varying perspectives and methods, which
make it highly suitable for multi-approach researches. The X-ray
MicroCT results presented in this study combine with and complement
analysis of microremains and radiocarbon dating that were performed
on the same set of 10 samples. Further, some specimens were imaged by
X-ray MicroCT more than once, using diﬀerent methods and equipment.
Samples SMC_02 to SMC_07 were investigated using an X-ray
MicroCT Phoenix v|tome|x m (General Electric) system in the Museum
of Zoology of the University of São Paulo (MZ-USP). Samples SMC_08 to
SMC_10 were imaged with a Skyscan 1172 (Bruker) system in the
Laboratory of Applied X-ray Analysis of the State University of Londrina
(LARX-UEL). The X-ray MicroCT scanning of sample SMC_01 was per-
formed by a Skyscan 1272 in the Brazilian Nanotechnology National
Laboratory of the Brazilian Centre for Research in Energy and Materials
(LNNano-CNPEM). Furthermore, SMC_01 and SMC_10 samples were
imaged at the IMX beamline of the Brazilian Synchrotron Light
Laboratory (LNLS-CNPEM), using the propagation-based phase-contrast
X-ray MicroCT method. Tables 1 and 2 show the experimental settings
for each X-ray MicroCT system.
The procedures used to place and ﬁx each specimen to the sample-
holder varied according to the characteristics of the equipment.
Beeswax was used to ﬁx samples in the IMX Beamline and larger spe-
cimens in the Skyscan 1172. Samples imaged with the Skyscan 1172
were placed in a PVC cylinder (straw segment) and steadied with
cotton. Then the PVC tube was ﬁxed to the sample-holder using silicone
dough. For samples imaged in the Phoenix v|tome|x m system ﬂoral
foam replaced the cotton within the PVC tubes. The tube was recessed
in a glass rod and then gripped in the sample holder. In the Skyscan
1272, all samples were ﬁxed using silicone dough.
Volumetric reconstructions were obtained by means of the software
programs associated with the instruments, Skyscan NRecon1.6.10.4 and
Phoenix datos|x 2.3.0.844 –RTM, respectively. The in-house software
Raft, developed at LNLS-CNPEM (Koshev et al., 2016; Miqueles et al.,
2014, 2017), was applied to reconstruct data acquired from the IMX
beamline. The Paganin ﬁlter (sometimes considered a PCI projection
restoration) (Paganin et al., 2002), regularly implemented in the IMX
Beamline reconstruction software for edge enhancement of low contrast
samples, was not applied to projections acquired in this study. This is
due to the fact that the distance sample-detector for our experiment is
bounded by 260mm and, in such cases our projections could be con-
sidered a distorted Radon transform. Yet, the Paganin ﬁlter is based on
Fig. 7. Images of a- b- c- Orthogonal sections from the SMC_01 volume reconstruction showing position of main vascular bundles (Skyscan 1272) (Dataviewer); d-
vascular bundle position detail beside inner layer in a section of a longitudinal slice of SMC_01; e- Vascular bundle in longitudinal slice were vessel elements and
thick-walled cells of the inner layer can be observed (IMX Beamline) (FIJI – Convolve ﬁlter – colorized with GIMP); ol- outer layer; ml- medial layer; il- inner layer;
vb- vascular bundle; ms- membrane structure.
1 This article refers exclusively to the application of X-ray MicroCT to the
study of plant macroremains.
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a limited number of materials, which is not our case (see Miqueles et al.,
2017). Finding the exact ﬁlter parameter is beyond the scope of this
work, and applying the wrong parameter could lead us to incorrect
conclusions. Therefore, we preferred to reconstruct the samples without
the use of ﬁlters on each projection. However, some experimental tests
were performed to adjust the acquisition and reconstruction parameters
used for synchrotron images to the visualization and analysis require-
ments of this study.
Visualization, segmentation and analysis of microtomographic
images were achieved using CTVox, Dataviewer, CTan, and CTvol
software developed by Bruker (Bruker, 2018) and the FIJI distribution
version of the image processing software ImageJ (Rueden et al., 2017;
Schindelin et al., 2012; Schneider et al., 2012). All ﬁgures were edited
using GNU Image Manipulation Program (GIMP) in the version 2.10.2
(https://www.gimp.org/).
The examination of microtomographic images of Monte Castelo
samples consisted of the description and comparison of morphological
and morphometric characteristics (Pearsall, 2016; Portillo et al., 2019).
Analysis of internal structure incorporated observation of the conﬁg-
uration and arrangement of tissues, cell characteristics, and presence of
vascular elements, cellular contents, and extracellular material. General
shape and size characterization was based on the Maximum Length
(ML), Maximum Diameter (MD) and Transversal Diameter (TD), for
both of the whole specimen and its internal cavity. Additionally, the
MD/TD Index (Lateral Compression Index) was calculated as a para-
meter to complement the information about the morphometric varia-
bility within the set of samples. Results were analyzed comparatively
using reference plant material and bibliographic anatomical
descriptions of maize grains and others plants belonging to the Poaceae
Family. Similarities and diﬀerences in anatomical traits and extra-
cellular contents between samples were compiled, to reveal possible
changes in size, shape, and other transformations due to depositional
processes.
After completion of X-ray imaging, samples SMC_02 to 07 were
prepared for the two other analytical procedures. These specimens were
photographed and cut in half with a sterilized razor blade. One part was
reserved for AMS radiocarbon dating at the Beta Analytic Inc.
Laboratory (F. P.). The second half-sample was used for a starch test
conducted by one of the authors (J. W.). The material from the internal
region of the specimens was scraped with a sterilized razor blade onto a
sterilized microscope slide. Then, it was mounted using a sterilized
coverslip and a solution of 1:1 distilled water to glycerol. These were
examined and imaged using a microscope Axio Lab.A1 with phototube.
4. Results
The external appearance of samples from their volumetric re-
construction conﬁrms previous characterization (Furquim, 2018). The
average values for ML (Maximum Length) and MD (Maximum Dia-
meter) are 4.5mm and 4.1 mm, respectively. All specimens show
globular to sub-globular shapes with a pointed end (teardrop-shaped) as
well as a rather irregular surface (Table 3). Longitudinal lines or fur-
rows, extending from the pointed end to approximately the region of
the MD, are very evident in several specimens. Opposite to this end, the
rounded contour is only interrupted by a marked protuberance. Internal
characteristics also show a very stable morphological pattern. Virtual
Fig. 8. Isosurface reconstructions and orthogonal slices from sample SMC_05, exposing cavities and canals (MyVGL). Pink arrows point to cavities observed in medial
layer tissue while blue arrows show the presence of canals with contents near the limit between the medial and the outer layer.
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transversal and longitudinal cuts from 3D models exhibit three super-
imposed layers of diﬀerentiated tissues (Fig. 4) (Video 2).
Tissue layers are distinguishable in terms of cell size and shape but
there are not noticeable diﬀerences between their contrast levels in the
x-ray image. Furthermore, the limits between layers are poorly deﬁned,
resulting in a gradual transition from one cell morphology to another.
This characteristic makes the segmentation of images very diﬃcult,
even when non-algorithmic procedures are used (Fig. 5).
The inner layer is composed of small, regular form and thick-walled
cells disposed around a cavity. It conﬁgures a longitudinally elongated
and laterally compressed space. In general, this cavity is broken at the
pointed end while its volume increases toward the rounded end. Small
and densely grouped cells compose the outer layer, some of which show
the presence of contents (Fig. 6). The medial layer is the most volu-
minous and is formed by large, irregularly shaped, and thin-walled
cells. Vascular elements, cavities, and canals are observable in most
exemplars (Figs. 7 and 8). Samples SMC_01, SMC_08, and SMC_10 show
an additional morphological trait, a membrane structure inside the
specimen cavity (Fig. 9).
Most of X-ray MicroCT images also reveal a large number of white
particles inside some cells of the inner layer. Their stronger high-
lighting, due to their high X-ray attenuation coeﬃcient, makes them
clearly distinguishable from the tissues and other elements present in
the samples. These particles are comparatively denser and their com-
position is very diﬀerent from the surrounding material, suggesting
their mineral nature (see Matsushima et al., 2012).
In order to reveal their morphological properties, some of them
were separated in the synchrotron X-ray MicroCT image of sample
SMC_01, the image with the highest spatial resolution. They exhibited
3D, crystal-like, multi-faceted structures, with edges and angles (Fig. 10
c-d). These attributes are consistent with the presence of calcium ox-
alate crystals, a result demonstrated in previous High Resolution Mi-
croscopy analysis of samples of the same type of plant material from
Monte Castelo (SMC_11) (Fig. 10f–g) (Calo et al., 2018).
Another type of very high brightness particles was observed in tis-
sues of the medial layer and in the cavity, next to the open, pointed
region. They do not seem to be directly associated with cells and some
of them have multi-faceted shapes (Fig. 10c–d). Compared to the cal-
cium oxalate crystals they are more variable in size and generally
larger. Finally, some samples show the presence of a third type of
particle, ovate particles between cells of the medial layer and inside
cavity. Image resolution does not make it possibly to observe traits such
as ornamentation that could assist in identifying these particles as, for
example, pollen grains or spores (Fig. 9).
Descriptive data shown in Table 4 allows for comparison between
samples and suggest that their variability exceeds general size and
shape. The table also contains values for the degree of lateral com-
pression (MD/TD) for each exemplar and their cavities. Average com-
pression degree for total volume is 1.23 and for the cavity 3.91. Stan-
dard deviations for both sets of data are 0.13 and 1.1, respectively;
suggesting that lateral compression values for the cavity tend to be
more variable than those for the total volume. Notwithstanding, there
exists some degree of positive linear correlation (r= 0.32) between the
degree of lateral compression of total volumes and cavities.
Fig. 9. Images of the segmented membrane structure volumes from samples a- SMC_01 (Skyscan 1272); b- SMC_08 and c- SMC_10 (Skyscan 1172). Note that in
sample SMC_08 this structure appeared associated with denser material and ovate particles (CT Analyzer – CT Volume).
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Despite the fact that ﬁrst two samples scanned for starch resulted in
the record of a total of 19 starch grains pertaining to the morphologies
consistent with maize, characterized by rounded to pentagonal forms,
central hilum and, in some cases, transverse or Y-shaped ﬁssures
(Fig. 11), this was not corroborated in the subsequent tests. Samples
SMC_02 to 07 tested negative for starch grains, suggesting the possi-
bility that the ﬁrst two analyzed samples were contaminated.
Results of radiocarbon dating and C12-C13 isotope signatures for
the specimens SMC_02, to 05 and SMC_07, also gave contrasting results
in relation to radiocarbon data obtained from charred samples of the
Bacabal Phase (Miller, 2009; Pugliese, 2018) (Table 5). As shown in the
Table 6, the samples dated very homogeneously from the 19th century,
strongly suggesting that they were all contaminated by modern carbon
(perhaps due to the ﬂotation procedure used for sample recovering). A
possible contamination could also undermine the dC13 values, which
fell between values of −25.5 and −30.0.
5. Discussion
The discussion about the taxonomic provenance of the Monte
Castelo samples takes the Poaceae fruits as reference, notably the
morphology of some varieties of Z. mays with very small and hard
popping grains (Brieger et al., 1958; Weatherwax, 1921). Most plants of
the Poaceae Family have a special type of fruit denominated a caryopsis
or grain. A ripe caryopsis is a dry fruit containing only one seed whose
tegument is attached to the endocarp. Its fundamental anatomical
components are the pericarp, the endosperm, and the embryo (Delcour
and Hoseney, 2010; Filgueiras, 1986; Jacomet and others, 2006;
Kochhar, 2016) (Fig. 12).
The pericarp of a maize grain is formed by layers of cells corre-
sponding to the epidermis, mesocarp, cross-cell layer and tube-cell
layer. The inner layer of the pericarp is a seminal remnant non-cellular
tissue called the tegument or testa (Delcour and Hoseney, 2010). The
scar of the stigma appears on the apical region of the maize grain
(Kochhar, 2016). Under the tegument is the aleurone, a thin layer of
multi-faceted cells, rich in protein, lipids, and enzyme content. It sur-
rounds the starch storage tissue and together they form the endosperm
of the seed.
Around 80% of a maize grain consists of two types of endosperm.
One of them is the ﬂoury endosperm, relatively softer and placed to-
ward the centre of the grain. It is surrounded by the vitreous en-
dosperm, the harder and translucent portion of the nutrient-storage
tissue. The ﬂoury endosperm is composed fundamentally of spherical
starch grains covered by a thin protein matrix. This matrix easily con-
tracts and does not completely cover the starch grains (Gaytán-Martínez
et al., 2006; Delcour and Hoseney, 2010). For this reason, ﬂoury en-
dosperm is not as compact and ﬁrm as vitreous endosperm.
The embryo structure comprises the scutellum, the stem with ru-
dimentary leaves, and the primary root or radicle. It can be observed as
an oval depression situated on the back side of the grain, which ana-
tomically corresponds to the basal and lateral position on the seed of
Poaceae fruits (Filgueiras, 1986; Martin, 1946). Opposing the embryo,
on the front side of the grain, is the hilum, formed by a dark protective
tissue that is the product of compression and collapse of various types of
cells in ripe caryopsis (Hoseney, 1986, p. hose). Finally, the pedicel is a
portion of tissue which joins the grain to the spike (Kochhar, 2016).
Fig. 10. a-b-c- Thresholded dense particles (> 2%, min. 240
- max. 255) from SMC_01, SMC_06 and SMC_07 re-
constructed volumes (FIJI – 3D Viewer plug-in); d-
Longitudinal slice detail from SMC_01 showing the position
of dense particles I and II in the inner layer (il) and III in
medial layer (ml) (FIJI – Convolve ﬁlter – Colorized with
GIMP); e- Isosurface rendering of some dense particles (CT
Analizer; FIJI – 3D Viewer plug-in); f-g- Longitudinal section
8.0 μm thick, stained with 0.05% Toluidine Blue in sodium
acetate buﬀer pH 4.7 showing calcium oxalate crystals as-
sociated with the internal layer of cells of similar plant re-
mains sample (SMC_11) and imaged with non-polarized and
polarized light, respectively (Microscope Olympus BX51
coupled to an Olympus DP71 digital camera - Department of
Botany, Biology Institute, State University of Campinas)
(Image: S. M. Carmello-Guerreiro) (Calo et al., 2018).
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Comparatively, although the external morphology of the samples
from Monte Castelo could be associated with small maize grains, their
internal structure does not reveal any clear relationship. High resolu-
tion images do not show any external or internal evidence of a lateral-
basal embryo as is common in Poaceae fruits. Instead, the ﬁne mem-
brane structures in the cavity of some samples suggest the persistence of
the tegument of one or more seeds that belong to another category of
fruit anatomy. The cavity itself is not a maize grain character, even if
degradation of some tissues is considered. The thick-walled cells and
calcium oxalate crystals surrounding the cavity into the samples form a
ligniﬁed and resistant sclerenchyma tissue protecting seeds, or en-
docarp. The location and restricted distribution of this type of crystals
could be related to a biomineralization process (Evert, 2006). A more
speciﬁc identiﬁcation of these crystals will be possible when composi-
tional studies are ﬁnished.
The shape and organization of cells in the medial layer are entirely
diﬀerent from the compacted and packed appearance of maize en-
dosperm cells. No cellular type similar to an aleuronic layer or cereals
pericarp was found in studied samples. Likewise, vascular elements
associated with the medial layer make its conﬁguration closer to that of
a fruit mesocarp than a seed endosperm. Finally, the homogeneous
cellular type and contents of the outer layer conforms to the exocarp of
these Monte Castelo remains. The longitudinal furrows on the surface
observed in some studied specimens divide them into four equal parts
which could point to the tetracarpelar conﬁguration of these fruits.
Lastly, the protuberance corresponds to the insertion of the peduncle.
The three-layered diﬀerentiated tissues and other morphological
traits described for the Monte Castelo site's plant samples conﬁgure the
anatomy of ﬂeshy, indehiscent, and unilocular small drupe fruits or
drupaceous fruitlets (4.5× 4.1 mm, on average size) (Barroso et al.,
1999; cf. Roth, 1977, p. 368–373; cf. Spjut, 1994, p. 67–71).These types
of reproductive structures are relatively common in a number of plant
families, many of whose genera are present nowadays in the Brazilian
ﬂora, such as Rosaceae, Menispermaceae, Simarubaceae, etc. (Barroso
et al., 1999). However, the more speciﬁc internal traits of the remains
resemble those found in the small fruit of some genera of the Anacar-
diaceae Family (i.e. Lithrea, Schinus, Tapirira and others).
The Anacardiaceae drupes have a rigid endocarp formed by scler-
eids, where oxalate crystals are very common (Carmello-Guerreiro and
Paoli, 2005). Samples from Monte Castelo also share the occurrence of
cavities and canals in the mesocarp (resiniferous) (Lacchia and
Guerreiro, 2009; Machado and Carmello-Guerreiro, 2001; Tölke et al.,
2017; Wannan and Quinn, 1990) and protective contents in the cells of
the exocarp with Anacardiaceae fruits.
The negative results of the starch tests performed on samples
SMC_02 to 07 contribute to the identiﬁcation of this plant material
outside the Poaceae Family. In that case, it seems reasonable to con-
sider that positive results of the ﬁrst two tested samples suﬀered from
contamination by modern maize starch. This happened despite using all
sterilized equipment and having limited exposure of the material to the
air (only a few minutes after being cut in half), and highlights the need
for a highly controlled environment during archaeological starch ex-
traction. While the laboratory used had been thoroughly cleaned,
contamination was not completely controlled for (e.g. by extracting
within a laminar ﬂux, using protective clothing, setting up starch traps
in the workspace, etc.) and the likelihood of contamination was prob-
ably increased by several people using the space simultaneously. It is
also possible that contamination may have been introduced during the
handling of the samples before they even entered the laboratory.
Studies conducted in laboratories (Crowther et al., 2014) and in the
ﬁeld (Mercader et al., 2017) show just how ubiquitous maize starch is
in the modern environment, and how easily it can contaminate ar-
chaeological samples.
Exogenous materials were observed inside the samples on X-ray
MicroCT images. Multiple samples exhibit non-mineral ovate particles,
very similar to pollen grains or spores which may have reached theTa
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internal tissues. In the same way, extracellular high X-ray attenuation
structures in various shapes and sizes were observed near the open
regions of samples, appearing as highly contrasted particles. This
characteristic suggests that the particles may be of mineral nature.
Diﬀerent from the crystals associated with the inner layer, their dis-
tribution and morphology does not seem to have originated through a
plant-controlled process of biomineralization. Instead, these particles
probably entered into the samples from surrounding sedimentary ma-
terial, or maybe in the course of the recovery procedures, through the
damaged regions of tissues and then staying between them. In virtue of
this, their interference with radiocarbon dating and isotopic analysis
and results needs to be considered. Contrarily, no evidence was found
for the impregnation of mineral solutions in the tissue samples and their
consequent replication, in other words, no evidence for the process of
mineralization as described by Green (1979), Hansen (2001), Mccobb
et al. (2001), and Shillito and Almond (2010).
Though, the variations in sizes and shapes registered within the
inner and harder structure of the endocarp are more variable than those
from the external ﬂeshy and soft tissues of the meso- and exocarp, they
do seem to be slightly correlated. Assuming that external tissues are
more exposed to changes induced by ecological conditions, thus con-
comitantly their range and degree of morphological modiﬁcation tend
to be greater than those from inner organs and tissues (Martin, 1946),
so the observed modiﬁcations seem to be of little signiﬁcance. More-
over, there is no evidence of a temporal or spatial pattern for the oc-
currence of those variations in size and shapes or the presence of exo-
genous particles. On the contrary, a certain consistency is exhibited in
the presence of disturbance and signs of preservation across the whole
set of studied samples.
Fig. 11. Maize-type starch grain morphologies extracted from the interior of two of the ﬁve tested samples from Monte Castelo: a- with transverse ﬁssure, b- ﬁssure
absent, c- with Y-shaped ﬁssure (image: J. G. Watling).
Table 5
Radiocarbon dating on charred remains from the Bacabal Phase in Monte Castelo. Calibration dataset used for calibration: SHCal13 (Hogg et al., 2013) (adapted
from. Pugliese, 2018).
Sample 14C yBP Excavation Z (cm) 1-Sigma 2-Sigma Source
B103185 810 ± 70 Unit 3 10–15 cal 1147–1326 CE cal 1341–1390 CE Miller, 2009
B106285 1540 ± 80 Unit 2 10–15 cal 405–675 CE cal 390–400 CE Miller, 2009
B103184 1970 ± 80 Unit 2 20–25 cal 115 BCE - 249 CE cal 135–118 BCE Miller, 2009
B106286 2060 ± 60 Unit 4 120–130 cal 163 BCE - 116 CE cal 198–174 BCE Miller, 2009
SI6844 2270 ± 105 Unit 4 100–110 cal 543–42 BCE cal 20 BCE - 18 CE Miller, 2009
SI6843 2475 ± 105 Unit 4 20–30 cal 806–356 BCE cal 283–257 BCE Miller, 2009
B66308 2760 ± 100 Unit 4 20–25 cal 1131–745 BCE cal 644–551 BCE Miller, 2009
B66309 3160 ± 70 Unit 4 110–120 cal 1532–1192 BCE cal 1143–1131 BCE Miller, 2009
SI6846 3580 ± 105 Unit 1 170–180 cal 2146–1615 BCE cal 2196–2171 BCE Miller, 2009
B408413 3700 ± 30 N1011/E1009 122 cal 2120–1975 BCE cal 2135–1945 BCE Pugliese, 2018
SI6847 3920 ± 85 Unit 4 210–220 cal 2576–2129 BCE cal 2087–2048 BCE Miller, 2009
SI6845 3945 ± 110 Unit 4 160–170 cal 2679–2033 BCE cal 2692–2689 BCE Miller, 2009
Table 6
Radiocarbon dates obtained from studied samples. These were reported in the pMC (percent Modern Carbon) format due to the analyzed material had more 14C than
did the modern (1950 CE) reference standard (AMS dating, Beta Analytic Inc. Laboratory). Software used for calibration: CALIBomb (Reimer and Reimer, 2004;
Reimer et al., 2004). Post-bomb dataset used for calibration: SHZ3 (Hua et al., 2013). The Pre-bomb dataset SHCal13 (Hogg et al., 2013) was used along with the
Post-bomb calibration curve. The reported d13C values were measured separately in an IRMS (Isotope Ratio Mass Spectrometer). MRA: Measured Radiocarbon Age;
CRA: Conventional Radiocarbon Age.
Sample name
(lab number)
MRA
(pMC)
δ13C
(o/oo)
CRA
(pMC)
F14C 1-Sigma 2-Sigma
SMC_02
(B453043)
104 ± 0.4 −25.5 104.1 ± 0.4 0.98712±0.00004 [calAD 1818–1827]0.7
[calAD 1897–1903]0.2
[calAD 1817–1829]0.5
[calAD 1894–1910]0.3
SMC_03
(B453040)
105.7± 0.4 −27.6 106.3± 0.4 0.98685±0.00004 [calAD 1818–1827]0.6
[calAD 1895–1905]0.4
[calAD 1917–1829]0.5
[calAD 1894–1920]0.5
SMC_04
(B453042)
104.2± 0.3 −30.0 105.2± 0.3 0.98698±0.00003 [calAD 1818–1827]0.6
[calAD 1896–1904]0.3
[calAD 1817–1829]0.5
[calAD 1894–1920]0.5
SMC_05
(B453041)
105.5± 0.4 −26.9 105.9± 0.4 0.98690±0.00004 [calAD 1818–1827]0.6
[calAD 1896–1904]0.3
[calAD 1817–1829]0.5
[calAD 1894–1910]0.3
SMC_07
(B453039)
102.4± 0.3 −29.7 103.4± 0.3 0.98721±0.00003 [calAD 1818–1827]0.7
[calAD 1896–1904]0.2
[calAD 1817–1829]0.5
[calAD 1894–1910]0.3
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6. Conclusions
Non-destructive imaging analysis provided a way to revise some
assumptions about the taxonomical identity and in-situ preservation
processes of some plants at the Monte Castelo archaeological site. It was
shown that the internal structure of the studied samples is not con-
sistent with the characteristics of a Z. mays caryopsis or any other
Poaceae fruit, as had been supposed based on their external mor-
phology and a ﬁrst starch analysis. By contrast, the X-ray MicroCT
images allowed precise description of various internal and external
anatomical traits which can be associated with another type of fruit,
identiﬁed as a very small indehiscent drupe or drupelet.
These results provide a reliable set of data from which an inference
about the anatomical provenance of the samples is possible.
Additionally, X-ray MicroCT images contributed to delineating a
number of morphological and morphometric traits present in the stu-
died specimens, which, in turn, contributes to approximate their taxo-
nomic status. In fact, given the specimens general size, shape, and
drupaceous character, in combination with their histological attributes,
the size and shape of the endocarp, and the presence of canals in the
mesocarp, they resemble the fruits of some genera of the Anacardiaceae
Family. A more accurate identiﬁcation of the analyzed specimens is
beyond the objectives of this study that focused on the examination of
the premise proposing maize grain morphology for this set of plant
remains. In pursuit of their taxonomical determination, it would be
necessary to integrate the present X-ray MicroCT data with an extensive
Fig. 12. A-B- Reconstructed volume of X-ray
MicroCT image data from a modern popcorn grain
(Skyscan 1272), on front and back side views (a)
apical crown region, (b) tip cap, (c) silk-scar remnant
of the style, (d) embryo depressed region; C-D-
longitudinal anteroposterior and lateral cuts showing
the embryo organs and position (e) pericarp, (fe)
ﬂoury endosperm, (ce) corny endosperm, (g) embryo
in lateral-basal position: (es) scutellum, (pl) plumule,
(cl) coleoptile, (ra) radicle and (cr) coleorhiza; E-F-
Idem for transverse cuts (CTvoxel); G- schematic re-
presentation and SEM image of the pericarp and en-
dosperm tissues in a maize grain (Laboratory of Thin
Films, Institute of Physics, University of Sao Paulo).
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in-situ collection of data about vegetation growing around the site, the
production of reference X-ray MicroCT images of carpological samples,
and a thorough revision of morphological and systematic studies about
Anacardiaceae and related Families.
Concerning the discussion regarding preservation/disturbance
conditions, the occurrence of mechanisms for exogenous materials to
enter and be deposited inside the samples is evidenced by the presence
of diverse exogenous mineral and organic particles. There are further-
more other signs of tissue degradation and the loss of material. None of
these attributes could be clearly linked to a mineralization process. The
type of data available for these specimens restricts the discussion about
the mechanical and/or chemical actions responsible for the observed
mineral particles. In order to improve understanding, further compo-
sitional studies are already being implemented. Likewise, in the context
of the Monte Castelo site, the causes for the presence of the studied
plant material should be discussed. In other words, no process has yet
been observed that can satisfactorily account for their in-situ preserva-
tion condition.
These results pose new questions about the sources, extent, and
characteristics of site formation processes occurred in Monte Castelo
and the involved variables. Future studies centred on the physical,
chemical, and biological factors aﬀecting bio-archaeological remains
could contribute to a better understanding of the archaeological record
at this Amazonian shellmound.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jasrep.2019.101902.
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